The rutile TiO 2 (110) crystal was prepared and characterized at Brookhaven National Laboratory using instrumentation available at the Chemistry Department and the Center for Functional Nanomaterials. The experiments of ambient-pressure scanning tunneling microscopy (AP-STM) were performed at the Chemistry Department using a SPECS TM Aarhus 150 HT STM. The single crystal of rutile TiO 2 (110) was cleaned by repeated cycles of Ar sputtering and annealing in ultrahigh vacuum to ~1000 K. The clean sample was transferred to a high pressure cell located inside of the SPECS™ Aarhus 150 HT STM. The STM cell was then sealed and filled with 0.53 Torr of CO 2 (>99.9999% purity) using a liquid nitrogen trap in the gas line.
S2 functionals: PW91 functional as implemented by Perdew and Wang, 4 PBE functional as implemented by Perdew, Burke and Ernzerhof, 5 and PBE+TSvdw functional where van der Waal 's correction was added by the Tkatchenko-Scheffler method. 6 A cutoff of 400 eV was used for the planewave basis set, and the wave functions and electron density were converged to within 1 × 10 −5 eV. The first Brillouin zone was sampled with a (0 0 0 1) Γ-point mesh. Geometric relaxations were considered to be converged when the force was <0.02 eV Å −1 on all unrestricted atoms. STM topography simulations were performed with the Tersoff-Hamman approach 7 which has been found to reproduce the shapes of experimental STM images for CO 2 on TiO 2 (110).
The TiO 2 (110) surface was modelled by using a 4 layer (2x4) supercell. The bottom two layers of the TiO 2 slab were fixed while the top two layers were allowed to relax during geometry optimization. A vacuum layer of 15 Å was added perpendicular to the TiO 2 (110) slab to avoid artificial interaction between the slab and its periodic images.
The adsorption energy of CO 2 on the surface was defined as: ∆E(adsorbate) = E(adsorbate + surface) -E(surface) -E(adsorbate), where E(adsorbate + surface), E(surface) and E(adsorbate) are the total energies of optimized adsorbate + surface, clean surface, and adsorbate in the gas phase, respectively. When there are multiple adsorbates on the surface the lateral interaction energy between the adsorbates is calculated by subtracting the ∆E of the isolated monomers form the ∆E of the multiple adsorbates.
DFT Results:
STM images of CO 2 on the rutile TiO 2 (110) surface shows that the molecules are adsorbed on the Ti rows on five coordinated Ti sites. Accordingly DFT calculations are carried out for various configuration of CO 2 on Ti rows. Calculations are carried out for three different CO 2 coverages. Figure S1 shows the adsorption geometries of one CO 2 on a 2x4 TiO 2 (110) slab which corresponds to a coverage of 0.125 ML where the absolute coverage is referenced to the number of surface Ti (5 coordinated) atoms. The adsorption geometry of three most stable species are shown in Figure 1 . Figure S1A where CO 2 bonds by two oxygen atoms on top of two Ti sites and the O=C=O bond axis stays parallel with respect to the surface along the <110> direction. Figure S1B where the CO 2 bonds by one oxygen to a Ti site and the O=C=O bond axis stays perpendicular with respect to the surface along <110> direction. Figure S1C where the CO 2 bonds by one oxygen to a Ti site and the O=C=O bond axis is tilted with respect to the surface normal along <110> direction towards one of the oxygen bridging row. The BE of the three different configuration of CO 2 molecule is reported in Table S1 . The energies are reported for all the calculations that have been carried out by using three different functional. The PW91 and PBE functionals yield similar adsorption energies while the PBE+TSvdw combined functional show stronger adsorption energies due to the addition of van der Waal interactions. Figure S2A , S2B and S2C S4 respectively. Figure S2A and S2C match very closely to the observed STM images while Figure S2B does not.
Figure S2
STM simulated image of CO 2 on TiO 2 (110). Simulated image of flat-lying, tilted and vertical CO2 are shown in S2A, S2B and S2C respectively. The unit cell used for the calculation is shown in the images.
In order to explore how the CO 2 molecules interact with each other, DFT calculations are carried out for 0.5 ML and 1 ML coverages. Figure S3 shows the DFT optimized structures of 0.5 ML of CO 2 on TiO 2 (110) along with their corresponding STM simulated images. At this coverage the adsorption geometry of individual CO 2 species remain the same as observed in 0.125 ML. The interaction energy between the CO 2 molecules is calculated by subtracting the BE of the individual CO 2 molecules from the BE of the 0.5 ML CO 2 and is reported in Table S2 . The calculations suggest that there is some repulsive interaction between the adsorbates at 0.5 ML coverage. The repulsive interaction energy is maximum for the vertical species (0.13 eV) and minimum for the flat-lying species (0.03 eV). This can be explained in terms of adsorption induced dipole-dipole interaction. The adsorption of CO 2 on the surface in a vertical manner induces dipoles which are aligned normal to the surface and it is expected that at higher coverages the neighboring dipoles of same sign have a repulsive dipole-dipole interaction. Similar DFT calculations were carried out for 1 ML coverage of CO 2 ( Figure S4 ) along with the STM simulated images. At 1 ML the adsorption geometry of individual tilted CO 2 species remain the same as observed in 0.125 and 0.5 ML. However the perpendicular species went a substantial structural change. The molecule were tilted towards the bridging oxygen row, three CO 2 molecules are tilted towards one oxygen bridging row while the forth one tilted in opposite direction. A possible explanation is when the molecules are aligned vertically the repulsive dipole interaction is too high and the molecules tilts in alternate direction to minimize the repulsion. 
Possible explanation for the ordering in some areas
1) The STM image in Figure S5 shows that there are some areas as highlighted in White Square where the molecules are substantially ordered on the surface and the intermolecular distance between the molecules is ~0.6 nm which corresponds to a coverage of ~0.5 ML. However there are some other areas as highlighted in blue square are not really ordered and the intermolecular spacing is higher than 0.6 nm. By closely looking at those structures it can be seen that the molecules inside the blue square are circular in shape and resembles to the STM simulated images of vertical CO 2 species whereas the molecules inside the white square are oval and bigger in size and resembles to the STM simulated images of parallel CO 2 species. The different packing density of vertical and parallel CO 2 on the surface can be rationalized in terms of the S7 repulsive interaction energy as calculated by DFT. At 0.5 ML, the repulsive interaction energy between the flat-lying CO 2 is negligible (0.05 eV) which allows the observed ordering on the surface. On the other hand at 0.5 ML the repulsion between the vertical CO 2 is higher (0.13 eV) which accounts for the less densely packed structure as observed in the STM image. Therefore the ordering observed on the surface is a combination of three factors: the attractive interaction of the molecules and the surface, to minimize the repulsive interaction between the adsorbate and to maximize the surface packing.
Figure S5
STM image acquired after the adsorption of CO 2 on a TiO 2 (110) at room. The oxide was exposed to a constant pressure of CO 2 (see main text of the article).
Gas-phase calculations
In order to compare the interaction energy of the molecules on the surface versus that in the gas phase, DFT calculations are carried out for 0.5 ML CO 2 in the gas-phase and the interaction energy is reported in Table S3 .
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Table S3
Gas phase CO 2 adsorption geometry Interaction Energy (eV) PW91 PBE PBE+TS flat-lying -0.01 0.02 0.00 tilted -0.01 0.00 -0.02 upright 0.02 0.03 0.01 The interaction energy between the CO 2 molecules in the gas phase is negligible and there is no repulsive interaction as observed for the surface adsorbed species. This confirms that the adsorption of CO 2 on the surface induces dipole. At higher coverages the neighboring dipoles of same sign induce a repulsive interaction.
